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Abstract
Cordierite-bearing upper amphibolite facies gneisses and granulite facies charnockites occurr-
ing in the Kerala Khondalite Belt in southern India preserve field and microstructural charac-
teristics indicative of granulite formation in a decompression-related distensional tectonic regime.
Garnet consuming reaction to produce cordierite and orthopyroxene, and garnet, sillimanite and
quartz reacting to form cordierite, are preserved in these rocks, defining a higher to lower pressure
inversion along a virtually isothermal decompression path. Thermometric computations based on
mineral chemistry yield a range of 626-833°C for the equilibration of the charnockite assemblage
and 620-842°C for the cordierite assemblage in both charnockites and gneisses. The 4.3 to 6.6
kbar barometric range indicates pressure differentials of more than 2 kbar attending the decom-
pression. Combined with density data on carbonic inclusions in various minerals, the metamorphic
uplift path defined is characteristically T -convex and is interpreted as a reflection of the isothermal
uplift history experienced by granulites forming in decompressional environments of distensional
tectonic settings.
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Introduction
Aluminous granulites in many crustal segments including southern India and Sri
Lanka are characterised by the occurrence of cordierite, typifying a low to intermediate-
pressure environment. Accessory cordierite in granulite assemblages is of interest in
tracing the metamorphic evolutionary history and uplift tectonics, since in many cases
cordierite occurs as a reaction product reflecting the inversion of higher pressure as-
semblages to lower pressure ones along an isothermal decompression path, as in the
Kerala Khondalite Belt of southern India (CHACKO et ai., 1987, SANTOSH, 1987). Cor-
dierite has also recently been the subject of discussions on the role of fluids in granulite
formation, because it contains many open channels in its crystallographic frame work,
where it accomodates appreciable amounts of volatiles like CO2 and H 20 and alkali ions
and hence is of interest as a potential monitor for volatile species involved in high grade
metamorphic processes (VRY et ai., 1988, 1990). Recent analytical advances have aided
in distinguishing these channel fluids from those entrapped within inclusions from in-
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fluxing fluids and the results have been used to predict carbon dioxide zonation in gran-
ulite cordierites with multiple growth history (SANTOSH et al., 1991b).
Recognizing the potential significance of cordierite-bearing lithologies in addressing
some of the key problems related to the metamorphic and tectonic evolutionary histories
of deep crustal segments, our study focusses on the cordierite-bearing assemblages in the
granulite facies supracrustal sequence of the Kerala Khondalite Belt (KKB) in southern
India, where cordierite is associated with orthopyroxene in charnockites (anhydrous
granulites of broadly granitic composition), garnet and biotite-bearing upper amphibolite
facies gneisses and garnet-sillimanite-graphite-bearing khondalites (aluminous granulites).
This varied association, field and microstructural characteristics described in this paper
and the metamorphic P-T conditions computed from mineral phase equilibria correlate
cordierite formation in this region to a decompressional environment and hence we have
termed the high-grade supracrustals of KKB as decompression granulites. The data
are evaluated in tracing the metamorphic history of the region and characterizing gran-
ulite formation attending distensional tectonics in shield areas.
Geological Setting and Field Relations
Southern Peninsular India comprises a granite-greenstone terrain in the north and
granulite facies terrain in the south, separated by a narrow transitional zone. The gran-
ulite terrain is dissected by a number of late Proterozoic shear zones (DRURY et al., 1984),
the southern-most being the Achankovil shear (Fig. 1) which divides the massive char-
nockites in the north from the vast supracrustal sequence (KKB) in the south. Granulite
formation in its arrested stage has been recorded from a number of localities in the KKB,
where garnet and biotite-bearing gneisses (with or without graphite) show progressive
stages of desiccation and transformation to orthopyroxene-bearing charnockites along ori-
ented zones (CHACKO et al., 1987). Such incipient charnockite formation has been de-
monstrated to be linked with flushing of CO2 through structural locales, which locally
bufferred the water activity to low levels (SANTOSH, 1991, this volume; YOSHIDA and
SANTOSH, 1987). Though the occurrence of cordierite in the gneisses and granulites of
southern Kerala has been pnviously reported (SANTOSH, 1987), the arrested charnockite
localities studied earlier were largely devoid of cordierite. Our recent field investigations
revealed a number of new localities where cordierite was found in association with or-
thopyroxene in charnockite dehydration fronts like those at Nellikkala, Mailadumpara
and Parakkamannil quarries near Kozhencherry area at the northern margin of KKB (d.
Fig. 1). The cordierite-charnockite association (herein after referred to as C-CH) is
widely developed along the lateral extension of the Achankovil shear zone (cf. Fig. 1), a
major Pan-African strike-slip shear system which truncates major earlier structures
(DRURY et al., 1984), essentially paralleling the shear belt and restricted to its proximity.
Although radiometric data are still sparse on the south Indian granulite terrane, recent
attributes invoke a 2.5 Ga event in the north and 0.5 Ga in the south (HARRIS et al., 1990)
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Fig. 1 Geology of the southern part of the granulite terrain of South India showing
the Kerala Khondalite Belt (KKB), incipient charnockite localities of Ponmudi
and Kottavattom and the corrlierite-charnockite localities of present study.
of the high grade terrain. The C-CH belongs to the younger event; a Hb-Sr whole-rock
isochron age of cordierite-bearing charnockites from southern Kerala quoted in SANTOSI-l
and DRURY (1988) shows 678 Ma. Their mode of occurrence and mechanism of forma-
tion also closely resemble those of the incipient charnockites of the area (Fig. 2). Both
appear to be essentially fluid-controlled. The C-CH exhibits considerable coarsening of
grain size in relation to the adjacent gneissic rocks, signalling enhanced growth rate in
the presence of a fluid phase, similar to the incipient charnockites. :rhe original gneissic
fabric of the precursor rock is completely obliterated and the massive, irregular zones
disrupt the NW-SE trending regional foliation of the gneisses. In some places, fluid
influx has occurred parallel to the foliation planes, dehydrating zones upto 5 m width
into a dry granulitic assemblage comprising highly coarse orthopyroxene, gemmy violet
cordierite and red garnet. However, unlike in the case of incipinet charnockites, narrow
linear fluid pathways are rarely preserved in mesoscopic scale; obviously several fluid
channels have coalesced into wider zones of dehydration during high degree of fluid in-
filtration; a plausible scenario considering the proximity of the C-CH to the Achankovil
shear zone. It has been demonstrated that the formation of incipient charnockites of the
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Fig. 2 Field photographs showing cordierite-charnockite development within amphibolite facies precursor rocks. ote the irregular
distribution pattern of the coarse-grained cordierite-orthop roxene assemblages (dark coloured), generally following fluid
pathways.
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KKB was post-peak metamorphic (CHACKO et al., 1987; SANTOSH et al., 1991a), related
to a brittle-dominated deformational regime; the C-CH also appear to have developed in
a similar setting, although the quantity of ambient metamorphic fluid available during
dehydration might have been more as compared to the incipient charnockites, giving rise
to the highly coarse fabric, irregular distribution pattern and diffuse boundary with the
precursor gneisses. While an advective fluid flow mechanism has been proposed for the
incipient charnockites (SANTOSH et al., 1990), it is conceivable that a major fluid channel,
the Achankovil shear zone, could have acted as the conduit for the transfer of fluids in
the case of C-CH.
The cordierite-gneiss assemblage (herein after referred to as C-GN) on the other
hand, is widely developed all throughout KKB (CHACKO et al., 1987). Unlike in the
C-CH, cordierite here forms tiny grains and along with biotite and garnet, and define com-
positional banding on a small scale with cordierite-rich and cordierite-poor, garnet-rich
and biotite-rich bands. These gneisses show hydrous partial melting and high degree of
migmatisation, with the development of felsic and mafic-rich bands. Granitic mobilisates
sometimes cut across the compositional fabric of the gneisses, though cordierite growth
overprints these, in confirmity with CHACKO et aI's (1987) correlation of cordierite forma-
tion to the inception stage of pressure release during metamorphic uplift.
The C-CH and C-GN show a variety of lithologic associations on local scale, which
could be important in assessing the fluid sources and mechanism of cordierite growth.
We describe below four typical localities with cordierite in the KKB, representative of
the various lithologic associations (Fig. 3):
The Nellikhala Quarry: The Nellikkala quarry near Kozhencherry exposes both gneisses
and granulites in intimate association. The former is migmatitic, containing well-de-
fined gneissic fabric imparated by the preferred orientation of garnet and biotite-rich
layers, with small grains of cordierite. The charnockites have developed irregularly
along oriented zones of fluid influx, sometimes overprinting the quartzo-feldspathic mo-
bilisates. Typical features of coarsening of grain size, post-dating all previous penetra-
tive structures and development of irregularly dehydrated zones compare them with in-
cipient charnockites. However, the characteristic feature is the development of coarse,
bluish gem-quality cordierite grains in association with orthopyroxene and garnet. This
locality typically demonstrates the external addition of fluids, since local fluid sources
like graphite or carbonate bands are not present here.
The Kadahanwn Quarry: C-CH rocks at Kadakamon occur in the absence of associated
amphibolite facies gneisses. Cordierite occurs as moderately coarse grains in association
with orthopyroxene and garnet in the charnockite, throughout the exposure. The char-
acteristic feature of this locality is the association of a narrow (ca. 30 em), boudinaged
layer of calcsilicate, concordantly within the charnockite. Metamorphic decarbonation
reactions of carbonate rocks sometimes serve as potential local sources of CO2 in high
grade metamorphic terranes and in this context, this locality is important. SANTOSH et
al. (1988) analysed the carbon isotopic composition of the calcsilicate and fluid inclusions
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Fig. 3 Field sketches of the various cordierite-bearing lithologies in the Kerala
Khondalite Belt. A: Coarse cordierite-charnockite patches developed over
upper amphibolite facies gneisses at Nellikala. B: Occurrence of cordierite
along with garnet and biotite, defining compositional banding of khondalite at
Panayamuttom. C: Cordierite gneiss at Kuravanthavalam showing a thin
intercalation of calc-silicate band. CH-charnockite, GN-gneiss, CL-calc-
silicate.
m the charnockite. The results showed that the fluids which effected dehydration did
not have their source from the calc-silicate, but were derived externally.
The Panayamuttom Quarry: A typical khondalite quarry at Panayamuttom represents
the C-GN association, with cordierite-garnet-sillimanite-graphite association. No evi-
dence for fluid influx exists in this quarry and the cordierite is distributed along with
garnet and biotite along mafic-rich compositional bands of the gneisses. Needles of sil-
limanite and tiny flakes of graphite are associated with these. Hydrous partial melting
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of aluminous sediments under upper amphibolite to granulite facies conditions, with
migmatisation and local seggregation of leucocratic and meJanocratic patches are repre-
sented here. Most of the cordierites here appear to have crystallized late in the meta-
morphic history, during uplift, as will be discussed later.
The Chittikkara Quarry: The Chittikara quarry near Trivandrum representing C-G T
association, is unique in that, although no charnockites are associated, it preserves the
imprints of external CO2 influx. The quarry exposes khondalites containing an assem-
blage of small grains of cordierite, garnet, sillimanite and tiny flakes of graphite. The
rock shows migmatitic textures similar to those described above from the Panayamuttom
quarry. However, in several parts of the quarry, highly coarse cordierite has crystallized
in association with large flakes or flaky aggregates of graphite along oriented zones of
mesocopic faults/shears. It is known that under low oxygen fugacity conditions, the
influx of CO2 into a rock would trigger the precipitation of graphite (LAMB and VALLEY,
1984). The tiny graphite flakes, conceivably of biogenic origin, already present in the
gneisses could have acted as effective buffers in reducing the oxygen fugacity, triggering
the precipitation of graphite from influxing CO2-rich fluids, which explains the coarse
graphite-cordierite association. Although such influx of CO2 would normally result in
the growth of orthopyroxene (leading to the formation of charnockites as in Nellikkala
quarry), the highly aluminous bulk chemistry of the rocks here inhibited orthopyroxene
growth, evidence for which comes from the ubiquitous occurrence of sillimanite. This
observation is also a general feature associated with granulite formation in the KKB in
that charnockites do not form in localities where sillimanite is present, due to bulk chemi-
cal constraints.
One of the important questions to be addressed is the relative timing of cordierite
crystallization in the gneisses and charnockites and the possibility of more than one gen-
eration of cordierite. While this will be considered in more detailed in the following
section, from field evidence, it is apparent that the cordierite within the gneisses cry-
stallized earlier than the cordierite associated with charnockite. In localities where both
gneiss and charnockite are exposed, the gneiss contains sporadic cordierite grains as-
sociated with garnet and biotite along compositional bands, which is post-dated by the
coarse and gemmy cordierite crystals within charnockite patches cross-cutting the gneis-
sic fabric. While the cordierite in the gneisses may simply reflect a compositional con-
trol of equilibration (i.e., regional metamorphism of Mg- and AI-rich sediments), those
within charnockites additionally represent a fluid-control, having crystallized along with
orthopyroxene in incipient charnockite zones.
Mineralogy and Microstructures
The mineralogic and microstructural characteristics of the cordierite-bearing assem-
blages are shown in Figs. 4 & 5. The mineral assemblage in the C-CH comprises cor-
dieri te- hypersthene-garnet-plagioclase-K-feldspar-quartz-magnetite-spinel. The average
A B
:<
z
>z
~
~
c
~
>J1
C D ~if)
>
Z
>-3
0
UJ
:r:
~
:::lp..
~
~
en
~
I-:
~
~
0
UJ
:r:
8
>
Fig. 4 Thin section photomicrographs of cordierite-charnockites. A: Symplectitic intergrowth of cordierite and quartz
in a finger-print like texture, pseudomorphing garnet grain. B: Cordierite-charnockite assemblage showing
hercynite spinel, orthopyroxene and biotite. C: Garnet breaking down to cordierite. D: Spinel rimmed by
cordierite. All photographs except A in 40X. A- lOOX. D in parallel nicol; all the others in crossed nicols.
Abbreviations: Opx-orthopyroxene, Bi-biotite, Cd-cordierite, Gr-garnet, Sp-spinel.
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Fig. 5 Sketches from thin sections showing the microstructural characteristics of
cordierite granulites from southern Kerala (40X). A: Garnet consuming
reaction in charnockite producing a symplectitic assemblage of cordierite,
hypersthene and quartz. Note the rim of cordierite around garnet and
spinel. B: Sillimanite needles in cordierite knondalite included within
biotite showing a rim of cordierite.
content of each mineral as estimated from modal analysis by point counting of a number
of thin sections shows 24% cordierite, 22% plagioclase, 18% perthite, 16% quartz, 3%
biotite, 6% orthopyroxene, 2% spinel+magnetite and the remaining accessories including
apatite, zircon and sphene. The rock exhibits a granoblastic texture, with polygonal
grains of cordierite, either forming the matrix of a symplectitic finger-print like inter-
growth with quartz and hypersthene, or as large grains of poikiloblastic nature, often
enclosing tiny zirocn crystals around which are developed typical pleochroic haloes. The
larger cordierite grains show lamellar and cyclic twinning, with an optically positive
character and 2Vx in the range of 88-100°, indicating high contents of channel CO2
(AMBRUSTER and BLOSS, 1980). Cordierite also occurs as coronal rims around garnet
and spinel. Large cordierite aggregates embay garnet grains and fine symplectitic inter-
growths replace and pseudomorph garnets partially to completely. This texture is widely
developed in all the cordierite charnockite localities investigated and appears to represent
the key reaction involved in the transformation of gneisses to charnockites in localities
such as Nellikkala :
garnet+quartz = cordirerite+hypersthene ............ (i)
Greenish spinel is a common accessory in the C-CH and occurs as composite grains
of magnetite+hercynite association. In many cases, the spinel grains are rimmed by
cordierite coronas and are associated with hypersthene. In rare cases, corundum forms
partial rims on spinel in association with orthopyroxene.
In the C-GN, the general mineral assemblage is characterised by garnet-cordierite-
biotite-spinel-plagioclase-perthite-quartz association with or without sillimanite and
graphite. In thin section, the gneissic fabric is evident from the parallel to subparallel
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alignment of biotite flakes and ellipsoidal garnet. Spinel, sillimanite and cordierite are
in mutual grain contact. The average modal abundances, as estimated from point count-
ing of thin sections indicate about 19% garnet, 15% cordierite, 9% sillimanite, 10% plagio-
clase, 30% perthite, 4% biotite, 3% spinel+Fe-Ti oxides and the rest accessories. When
sillimanite is absent, cordierite occurs in increased abundance. Graphite, when present,
is usually only 0.5%, but in localities like Chittikkara, the coarse graphite flakes some-
times constitute more than 1% of the modal mineral composition. Cordierite in these
rocks show marginal pinitisation, although fresh and gemmy grains are also present in
localities like Chittikkara, usually restricted to zones of fluid influx. Islands of garnet
grains within large cordierite crystals sometimes contain needles of sillimanite inclusions,
often with a rim of cordierite. Cordierite is evidently a late crystallizing phase and the
characteristic reaction, as observed from microstructures, can be represented by:
garnet+sillimanite+quartz = cordierite ............ (ii)
Subhedral grains of greenish isotropic spinel as magnetite+hercynite composite as-
sociation occurring adjacent to garnet porphyroblasts show a coarse graphic intergrowth
with cordierite and contain inclusions of sillimanite, suggesting the reaction:
garnet+sillimanite = cordierite+hercynite ............ (iii)
In addition to its occurrence as inclusions within garnet and cordierite, sillimanite is
also found as tabular and interlocking grains. In sillimanite-bearing assemblages, brown
biotite sometimes reacts to form cordierite-K-feldspar symplectite. Sillimanite inclu-
sions within biotite are rimmed by cordierite, suggesting the reaction:
biotite+quartz+sillimanite = cordierite+K-feldspar ............ (iv)
In summary, it is inferred that cordierite could be of more than one generation in
these rocks. In the C-GN localities, cordierite has crystallized as a product of regional
metamorphism (under upper amphibolite facies) of Mg- and AI-rich sediments. These
cordierites do not rim garnet in the form of coronal structures. Their modal abundance
is far less as compared to the cordierites within charnockites. On the other hand, cor-
dierite along with orthopyroxene in the charnockites correspond to a later generation,
crystallized during the CO2 influx event, which post-date previous penetrative structures.
The occurrence of symplectitic structures involving cordierite in both gneisses and char-
nockites imply that both these lithologies sufferred a common isothermal uplift history;
but where charnockites developed along fluid pathways, cordierite continued to crystallize
into megacrysts in an environment of increased reaction kinetics aided by the presence
of abundant fluids. A detailed investigation of the classification of cordierite types and
their relative timings of formation remain one of the important topics for future study.
Mineral Chemistry and P-T Computations
Microprobe analyses of C-CH and C-GN assemblages were carried out on polished
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Table 1. Garnet analyses
Sample 0 }-90-16A }-90-16B }-90-13 }-90-15 SH-533
Core Margin Core Margin Core Margin Core Core Mrrgin
Si02 37.60 38.02 38.00 38.07 37.77 37.76 38.16 38.54 38.19
Ti02 0.00 0.02 0.02 0.00 0.00 0.04 0.02 0.00 0.04
AI20 3 21.35 21.27 20.83 21.33 21.44 21.51 21.38 21.50 21.10
Cr203 0.00 0.05 0.02 0.03 0.00 0.03 0.05 0.09 0.05
FeO* 28.62 27.88 27.8 27.98 25.71 25.53 27.88 30.67 28.83
MnO 2.09 2.08 1.91 2.18 3.28 3.40 1.97 0.47 0.56
MgO 8.20 8.09 8.51 8.22 9.09 8.69 8.85 8.30 8.27
CaO 0.90 1.14 1.07 1.36 1.17 1.17 0.94 0.80 0.77
Na20 0.00 0.00 0.00 0.05 0.00 0.00 0.08 0.00 0.00
Kp 0.00 0.00 0.03 0.00 0.00 0.00 0.03 0.02 0.01
Total 98.77 98.54 98.24 99.21 98.46 98.12 99.36 100.38 97.83
Cations on the basis of 12 oxygens
Si 2.971 3.000 3.007 2.988 2.971 2.980 3.017 2.994 3.024
Ti 0.000 0.001 0.001 0.000 0.000 0.002 0.001 0.000 0.003
Al 1.989 1.978 1.943 1.973 1.988 2.000 1.902 1.868 1.969
Cr 0.000 0.003 0.001 0.002 0.000 0.002 0.003 0.005 0.003
Fe 1.891 1.810 1.843 1.837 1.692 1.685 1.843 1.992 1.909
Mn 0.140 0.139 0.128 0.145 0.219 0.227 0.132 0.031 0.038
Mg 0.966 0.952 1.004 0.962 1.066 1.022 1.043 0.926 0.976
Ca 0.076 0.096 0.091 0.144 0.099 0.098 0.080 0.067 0.065
Ta 0.000 0.000 0.000 0.007 0.000 0.000 0.012 0.000 0.000
K 0.000 0.000 0.003 0.000 0.000 0.000 0.003 0.002 0.001
Aim 0.156 0.608 0.601 0.601 0.550 0.556 0.595 0.653 0.639
Spe 0.046 0.046 0.042 0.047 0.071 0.075 0.043 0.010 0.013
Pyr 0.314 0.315 0.327 0.315 0.347 0.337 0.337 0.315 0.327
Grs 0.025 0.032 0.030 0.037 0.032 0.032 0.026 0.022 0.022
Mg/Mg+Fe 0.038 0.341 0.353 0.344 0.387 0.378 0.361 0.326 0.338
Mg/Fe 0.511 0.517 0.544 0.523 0.630 0.607 0.566 0.483 0.511
FeO*: Total Fe as FeO
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Table 2. Biotite analyses.
Sample No I-90-16A I-90-16B I-90-13 I-90-15 SH-533
2 1 2 2
Si02 37.22 36.17 36.55 35.96 36.82 37.83 37.56 37.37
Ti02 6.46 6.62 4.90 5.23 3.95 2.00 4.93 4.93
AI20 3 15.27 14.96 15.07 14.63 14.59 14.09 14.77 14.74
Cr203 0.08 0.10 0.03 0.07 0.05 0.09 0.09 0.09
FeO* 9.51 10.38 13.59 13.79 11.79 10.29 12.57 12.52
MnO 0.04 0.04 0.11 0.16 0.12 0.08 0.04 0.04
MgO 15.67 15.39 14.53 14.56 16.79 18.78 15.35 14.71
CaO 0.03 0.06 0.02 0.04 0.01 0.04 0.00 0.00
Na 20 0.50 0.48 0.10 0.09 0.07 0.11 0.16 0.16
K20 8.92 9.20 9.82 9.65 9.50 9.80 9.61 9.42
Total 93.68 93.40 94.72 94.17 93.68 93.11 95.08 93.98
Cations on the basis of 22 oxygens
Si 5.504 5.416 5.484 5.442 5.528 5.671 5.565 5.596
AI(iv) 2.496 2.584 2.516 2.558 2.472 2.329 2.435 2.405
Al(vi) 0.165 0.056 0.147 0.052 0.109 0.161 0.144 0.197
Ti 0.718 0.746 0.553 0.595 0.445 0.226 0.550 0.555
Cr 0.009 0.012 0.004 0.008 0.006 0.011 0.011 0.011
Fe 1.176 1.300 1.705 1.745 1.480 1.290 1.557 1.567
Mn 0.004 0.004 0.014 0.021 0.015 0.010 0.005 0.005
Mg 3.454 3.437 3.249 3.284 3.758 4.196 3.391 3.285
Ca 0.004 0.009 0.003 0.006 0.002 0.007 0.000 0.000
Na 0.144 0.140 0.030 0.026 0.020 0.031 0.046 0.047
K 1.628 1.758 1.880 1.864 1.819 1.875 1.817 1.800
Mg/Mg+Fe 0.746 0.726 0.656 0.653 0.717 0.765 0.685 0.677
Mg/Fe 2.936 2.644 1.906 1.882 2.540 3.252 2.177 2.096
FeO*: Total FE' as FeO
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Table 3. Orthopyroxene analyses.
Sample No J-90-16B J-90-13 J-90-15
Si02 48.40 47.62 47.45
Ti02 0.12 0.10 0.13
Al20 3 6.82 6.02 5.99
Cr203 0.00 0.00 0.04
FeO* 21.20 24.20 23.94
MnO 2.10 0.00 0.85
MgO 20.0 18.84 18.66
CaO 0.00 0.03 0.12
Na20 0.00 0.03 0.00
K 20 0.00 0.01 0.00
Total 99.34 96.85 97.18
Cations on the basis of 6 oxygens
Si 1.822 1.850 1.844
Al(iv) 0.178 0.150 0.156
Al(vi) 0.124 0.126 0.118
Ti 0.003 0.003 0.004
Cr 0.000 0.000 0.001
Fe 0.667 0.786 0.778
Mn 0.067 0.000 0.028
Mg 1.162 1.091 1.081
Ca 0.000 0.001 0.005
Na 0.000 0.002 0.000
K 0.000 0.000 0.000
XMg 0.635 0.581 0.580
XFe 0.356 0.419 0.417
Xca 0.000 0.000 0.003
Mg/Mg+Fe 0.635 0.581 0.582
Mg/Fe 0.575 0.721 0.720
FeO*: Total Fe as FeO
thin sections using a JEOL JXA 733 wave length dispersive electron microprobe at the
National Institute of Polar Research, Tokyo, where data acquisition follows the Bence-
Albee scheme. Representative mineral analyses are assembled in Tables 1-7. Garnets
do not show any systematic or profound core to margin compositional variations and in
the charnockites the lowest Mg number (Mg/Mg+Fet ) is 0.344 and the highest is 0.387.
The feldspar compositional variations are also within a limited range only. Fe/Mg in
orthopyroxene ranges from 0.575 to 0.721. Mg number of biotites in the charnockites
range from 0.653 to 0.765. Activity of the phlogopite component clearly decreases from
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Table 4. Cordierite analyses.
Sample J-90-16B J-90-13 J-90-15
No 2 2 2
Si02 49.01 47.99 48.86 48.31 48.69 48.56
Ti02 0.07 0.02 0.00 0.01 0.03 0.00
Al2 0 a 31.49 32.77 32.93 32.96 33.03 32.60
Cr20a 0.02 0.Q7 0.08 0.07 0.07 0.06
FeO* 6.62 5.61 3.89 4.60 5.17 5.26
MnO 0.11 0.15 0.11 0.07 0.19 0.14
MgO 9.44 10.49 10.77 11.07 10.59 10.37
CaO 0.13 0.03 0.03 0.04 0.03 0.01
Na2 0 0.04 0.04 0.01 0.06 0.01 0.04
K 20 0.00 0.00 0.04 0.01 0.02 0.04
Na20 0.00 0.00 0.00 0.00 0.00 0.00
Total 96.94 97.17 96.71 97.19 97.83 97.08
Cations on the basis of 18 oxygens
Si 5.078 4.949 5.012 4.955 4.973 4.998
AI(iv) 0.922 1.051 0.988 1.045 1.027 1.002
Al(vi) 2.924 2.932 2.992 2.939 2.949 2.953
Ti 0.005 0.002 0.000 0.001 0.002 0.000
Cr 0.002 0.006 0.006 0.005 0.005 0.005
Fe 0.574 0.484 0.334 0.394 0.442 0.453
Mn 0.010 0.013 0.010 0.006 0.016 0.012
Mg 1.459 1.613 1.646 1.693 1.613 1.591
Ca 0.015 0.003 0.003 0.005 0.003 0.001
Na 0.008 0.007 0.001 0.11 0.002 0.008
K 0.000 0.000 0.005 0.002 0.003 0.005
0.000 0.000 0.000 0.000 0.000 0.000
FeO*: Total Fe as FeO
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Table 5. Plagioclase analyses
Sample J-90-16A J-90-16B JJ-90-13 J-90-15 SH-533
No Core Core Core Margin Core Margin Core Margin
Si02 59.85 57.96 59.31 59.84 60.05 60.08 60.84 62.03
Ti02 0.02 0.01 0.02 0.00 0.06 0.05 0.02 0.00
AI20 3 24.14 25.08 24.38 24.28 23.91 23.74 23.95 24.14
FeO* 0.01 0.00 0.08 0.12 0.00 0.03 0.04 0.00
MnO 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.03
MgO 0.03 0.00 0.04 0.05 0.00 0.03 0.01 0.01
CaO 6.76 7.43 6.75 6.50 6.17 5.85 5.72 5.55
Na20 7.65 6.97 7.59 7.12 7.86 7.66 8.60 8.79
K 20 0.61 0.43 0.48 0.69 0.38 0.36 0.17 0.20
Total 99.09 97.87 98.65 98.61 98.43 97.80 99.35 100.75
Cations on the basis of 8 oxygens
Si 2.697 2.645 2.684 2.703 2.715 2.728 2.724 2.736
Al 1.282 1.349 1.300 1.293 1.274 1.270 1.264 1.255
Ti 0.001 0.000 0.001 0.000 0.002 0.002 0.001 0.000
Fe 0.000 0.000 0.003 0.005 0.000 0.001 0.002 0.000
Mn 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.001
Mg 0.002 0.000 0.002 0.004 0.000 0.002 0.001 0.000
Ca 0.326 0.363 0.327 0.315 0.299 0.285 0.274 0.262
Na 0.668 0.617 0.666 0.624 0.689 0.674 0.746 0.752
K 0.035 0.Q25 0.028 0.040 0.022 0.021 0.010 0.011
An 0.317 0.361 0.320 0.322 0.296 0.291 0.266 0.256
Ab 0.649 0.614 0.653 0.638 0.682 0.688 0.724 0.733
Or 0.034 0.025 0.027 0.041 0.022 0.021 0.099 0.011
FeO*: Total Fe as FeO
gneiss to charnockite as evident from the Nellikkala analyses, an index from which it has
been computed that a minor shift in water activity at constant temperature can drive the
dehydration reaction from gneiss to charnockite (SANTOSH et a!., 1990; SANTOSH, 1991,
this volume).
The compositional changes occurring in minerals during progressive (and retrogres-
sive) metamorphic events have been modelled by a series of continuous reactions. Some
of these reactions proceed without any significant volume change and are thus potential
thermometers, while others, due to their pronounced volume changes, are pressure-de-
pendent and are hence barometers. A number of geothermometers and geobarometers
with good application in granulite facies terrains have been calibrated by various workers.
Many of the mineral assemblages of the present study can be used for estimating tem-
perature and pressure. In this context, it should be emphasized that even though various
mineral phases show decompression reaction textures, it is possible that local equilibrium
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Table 6. Spinel analyses
Sample J-90-16A J-90-16B J-90-13 J-90-15
No 1 2 2
Si02 0.05 0.05 0.02 0.00 0.10 0.00
Ti02 0.02 0.04 0.00 0.00 0.02 0.03
Al20 3 54.60 55.85 56.65 57.36 59.00 57.30
Cr203 0.21 0.17 0.28 0.27 0.42 0.32
FeO* 35.42 34.26 32.81 31.33 25.44 25.90
MnO 0.28 0.33 0.78 0.69 0.23 0.20
MgO 7.56 7.20 5.96 5.95 9.60 9.63
CaO 0.02 0.01 0.04 0.04 0.00 0.04
ZnO 0.00 0.00 0.00 0.00 0.00 0.00
NiO 0.00 0.00 0.00 0.00 0.09 0.00
Total 98.22 97.91 96.55 95.64 94.90 93.41
Recalculated analyses
Fe203 5.91 4.45 2.35 2.95 0.60 2.00
FeO 30.10 30.26 30.69 28.68 24.89 24.10
Total 98.81 98.35 96.79 95.93 94.96 93.61
Cations on the basis of 4 oxygens
Si 0.001 0.001 0.001 0.000 0.003 0.000
Ti 0.002 0.001 0.000 0.000 0.000 0.001
Al 1.863 1.897 1.941 1.931 1.974 1.949
Cr 0.005 0.004 0.006 0.006 0.010 0.007
Fe3+ 0.129 0.096 0.051 0.063 0.013 0.043
Fe2+ 0.729 0.729 0.746 0.685 0.591 0.582
Mn 0.007 0.008 0.019 0.017 0.006 0.005
Mg 0.326 0.309 0.256 0.253 0.406 0.414
Ca 0.001 0.000 0.001 0.001 0.000 0.001
Zn 0.000 0.000 0.000 0.000 0.000 0.000
Ni 0.000 0.000 0.000 0.000 0.002 0.000
FeO*: Total Fe as FeO
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Table 7. Fe-Ti oxides analyses
Sample }-90-15 SH-533
No 2
Si02 0.03 0.03 0.00
Ti02 0.08 0.02 52.78
Al20 3 0.56 0.31 0.01
Cr203 0.29 0.24 0.07
FeO* 89.22 89.76 43.45
MnO 0.02 0.03 0.10
MgO 0.12 0.07 2.01
CaO 0.00 0.04 0.00
ZnO 0.00 0.00 0.00
Total 90.33 90.50 98.42
Recalculated analyses
Fe203 65.73 66.33 -0.37
FeO 30.06 30.06 43.78
Total 96.90 94.14 98.39
R20~ 0.00 0.00 -0.26
Usp 0.37 0.17 0.00
Cations on the basis of 4/6 oxygens
°
4.000 4.000 6.000
Si 0.001 0.001 0.000
Ti 0.002 0.001 2.005
AI 0.026 0.014 0.001
Cr 0.009 0.008 0.003
Fe3+ 1.958 1.975 -0.014
Fe2+ 0.995 0.995 1.850
Mn 0.001 0.001 0.004
Mg 0.007 0.004 0.151
Ca 0.000 0.002 0.000
Zn 0.000 0.000 0.000
FeO*: Total Fe as FeO
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Table 8 Summary of temperature and pressure estimates for gneiss and charnockite
(Specimens: J/90j16 A & B)
THERMOMETRY
Garnet-Biotite
Thompson (1976)
Ferry and Spear (1973)
Holdaway and Lee (1977)
Perchuk and Lavrent'eva (1983)
Garnet-Cordierite
Thompson (1976)
Holdaway and Lee (1977)
Perchuk and Lavrent'eva (1983)
Garnet-orthopyroxene
Harley (1984-)
BAROMETRY
Gar-opx-plag-qz
Perkins and Newton (1981)
GEISS
553-560
571-581
574-581
584-590
CBARNOCKITE
587-598
617-632
605-614-
609-617
716-84-2
716-823
689-795
626-64-0
4-.65-5.21
Temperatures in degree centigrade and pressures in kilobars. All temperatures quoted
at 5 Kbar and all pressures estimated at 700°C. The range in each case was obtained
by differing garnet compositions (core and rim) or different grain analyses (eg: cor-
dierite).
Table 9 Summary of temperature and pressure estimates
in cordierite charnockite sample o. J/90j13.
THERMOMETRY
Garnet-Biotite
Thompson (1976)
Ferry and Spear (1978)
Holdaway and Lee (1977)
Perchuk and Lavrent'eva (1983)
Garnet-Cordierite
Thompson (1976)
Holdaway and Lee (1978)
Perchuk and Lavrent'eva (1983)
Gamet-orthopyroxene
Harley and Green (1984-)
BAROMETRY
Gar-opx-plag-qz
Perkins and ewton (1981)
74-0-755
836-858
738-750
714-723
634-678
646-684
620-658
810-833
6.32-6.62
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Table 10 Summary of temperature and pressure estimates
from cordierite charnockite sample J/90/15
THERMOMETRY
137
Garnet-Biotite
Thompson (1976)
Ferry and Spear (1978)
Holdaway and Lee (1977)
Perchuk and Lavrent'eva (1983)
Garnet-cordierite
Thompson (1976)
Holdaway and Lee (1977)
Perchuk and Lavrent'eva (1983)
Garnet-orthopyroxene
Harley and Green (1984)
BAROMETRY
Gar-opx-plag-qz
Perkins and Newton (1981)
531-621
543-663
554-634
527-576
680-725
686-724
659-697
711-766
5.54-5.79
Table 11 Summary of temperature and pressure estimates
in a khondalite sample from the Chittikara quarry
(Sample No. SH-533)
THERMOMETRY
Garnet-Biotite
Thompson (1976)
Ferry and Spear (1978)
Holdaway and Lee (1977)
Perchuk and Lavrent'eva (1983)
BAROMETRY
Gar-plag-alumino silicate-qz.
Newton and Haselton (1981)
630-648
677-701
643-658
521-543
4.32-4.53
was attained in grains having mutual contact, or those stably coexlstmg within a small
domain within the scale of a thin section. Hence it will not be incorrect to derive P-T
estimates from mineral chemical data. The results of computations are summarised in
Tables 8-11.
Thermometry
Based on the distribution of Fe-Mg between coexlstmg garnet and orthopyroxene,
HARLEY (1984) proposed a thermometric calibration which can be applied as a charnockite
thermometer. In the present case, calculations based on this calibration yield tempera-
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tures in the range of 626-833°C, although in individual localities the variation is within
a limited range, such as 626-640°C 0I90/16B) and 810-833°C (190/13). The analyses
of garnet cores and non-contiguous biotite pairs can be employed as a common geother-
mometer for both gneiss and charnockite. This thermometer has been calibrated by dif-
ferent workers based on different approaches on the Fe-Mg exchange reactions. Here,
we have adopted four calibrations. THOMPSON'S (1976) thermometer is a semi-empirical
calibration which does not make allowance for the effects of non-ideal mixing in either
phase and does not allow for variations in non-femic components between the phases
(eg: Ti, AI, Ca). The FERRY and SPEAR (1978) method provides an experimental study
of the Fe-rich system for the range of temperatures between 550-800°C. The quoted
non-ideality of biotite is a measure of deviation of how far from ideal the biotite is. An
inherent limitation of this calibration is the somewhat higher readings resulting from
Fe3+, AF i and Ti in the biotite. PERCHUK and LAVRENT'EVA (1983) provide another ex-
perimental study on natural assemblages in the range of 600-1000°C, assuming ideal
mixing, but based on more Mg-rich, and hence more realistic, phases. This thermometer
appears to yield more consistent results. In the present case, all the four calibrations
yield a broadly overlapping range of temperatures for individual localities, although from
locality to locality there are significant variations. In Nellikkala U/90/16), the gneisses
yield 553-590°C and the charnockites yield 587-632°C. This temperature difference
does not bring out any significant gradients between gneiss and charnockite and the range
observed is only within the accuracy limit inherent in such calibrations.
The Fe-Mg distribution between cordierite and garnet is yet another calibration
which can be used in the present case to compute temperatures of equilibration of the
charnockite assemblage. This thermometer has also been refined by various workers
and here we follow three calibrations, nanlely THOMPSON (1976), HOLDAWAY and LEE
(1977) and PERCI-IUK and LAVRENT'EVA (1983). All the three thermometers are based on
different treatments, in the present case yielding temperatures in the range of 620°-842°C.
The PERCHUK and LAVRENT'EVA treatment is based on experimental studies on natural
assemblages and could hence be taken to approximate more reliably the temperatures of
equilibration of garnet-cordierite pair in the charnockite (620-795°C).
Barometry
The most useful barometer for charnockites comes from the continuous reaction 1ll
the assemblage, garnet-orthopyroxene-plagioc1ase-quartz. PERKINS and NEWTON (1981)
computed pressures from the Mg-end member and the quoted uncertainties are of the
order of 1 Kbar. In the present case, the calculated pressures based on this calibration
lie in the range of 4.6 to 6.6 kbar. The calibration of NEWTON and HASELTON (1981)
for the assemblage garnet-plagioc1ase-aluminosilicate-quartz serves as the khondalite
barometer and computations based on this for the Chittikara khondalite (SH-533) yield
pressures of the order of 4.3 to 4.5 kbar. Evidently, the aluminous granulites with cor-
dierite in the equilibria represent intermediate to low pressure-type of regional granulite
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formation.
Discussion
Evaluation of P-T Estimates
Occurrence of cordierite in a variety of lithologic assocaitions in the KKB is of rele-
vance in addressing a number of problems related to granulite petrogenesis and crustal
evolution in stable shield areas like South India. The cordierte-bearing charnockites
occurring in close proximity ot the Achankovil shear zone offer compelling field evidences
for granulite formation aided by channelised fluid-flow in mid to deep crustal enviroments.
Although charnockite formation along oriented zones of minor shears and faults have been
noted to occur widely in this terrance, indicating granulite formation along zones of pres-
sure release, the "cordierite-in" mineral reactions as observed in the prograde localities
of present study afford the true evidence for a decompression-related petrogenetic his-
tory. P-T estimates from solid phase equilibria, assembled in Fig. 6, indicate an average
of 700°C and 5 bar, well in agreement with those attributed for granulite meaamorphism
in southern Kerla (eg: CHACKO et al., 1987). Although minor temperature and pressure
differentials between gneiss and charnockite will remain undetected due to uncertainties
and error bars inherent in mineral phase equilibria thermobarometry, it is evident that the
intimate association of gneiss and granulite as seen at many localities in KKB preclude
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Fig. 6 Summary of P-T estimates in cordierite-bearing granulites from southern
Kerala. The vertical lines represent temperature limits of thermometry from
various mineral pairs (G-B: garnet-biotite; G-C: gamet-cordierite; G-
OPX: gamet-orthopyroxene). The inclined lines indicate the range of pres-
sure estimates from garnet-orthopyroxene-plagioclase-quartz (GOPQ) and
garenl-sillimanite-plagioclase-quartz (GSPQ) barometers. See text for dis-
cussion.
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any purely temperature-controlled origin and argues in favour of a fluid-controlled pro-
cess. Results of detailed fluid inclusion studies in these rocks are reported elsewhere
(SANTOSH, 19S7; NANDA-KuMAR and SANTOSH, 1991; SANTOSH et ai., 1991b). Trap-
ped volatiles in pure cordierite separates were examined using stepped thermal decrepi-
tation technique and the CO2 was extracted at various temperature steps. The results
showed two peak releases, one between 500 to 700°C and the other between 900 to 1200°C.
Doubly polished plates of the same samples, when examined under the micorscope,
showed the common occurrence of fluid inclusions. Microthermometric measurements
yielded melting points close to the triple point for pure carbon dioxide (-56.6°C) and
micro Raman spectroscopic characteristics defined Raman shifts typical of CO2 . Ex-
plosion temperatures of invdividual fluid inclusions, recorded visually by heating the pla-
tes in a hot-stage placed on a microscope stage, were found to lie in the range of 500-700°
C, with no inclusion rupture occurring at temperatures above SOO°C. These results de-
monstrate that among the two CO2 release peaks obtained from stepped heating analysis,
the lower temperature peak corresponds to fluid inclusion release resulting from the ther-
mal expansion of CO2 during heating and rupturing of inclusion cavities. Increased ther-
mal vibration and melting allowing channel fluid release occurs above SOO°C. However,
the two distinct release temperatures need not correspond to the actual temperature con-
ditions at which the CO2 was entrapped. Experimental studies on structural fluids in clay
minerals and zeolites have shown that while the fluids are incorporated at low temperatures
during crystal growth, release of these fluids upon heating occurs only at elevated tem-
peartures (M. A.KIZUKI, pets. comm., 1990; N. AIKAWA, pers. comm., 1990). Cor-
dierties in the KKB crystallized at 600-S00°C, hence the fluids in both channels and
inclusions would have been incorporated within this temperature range. However, re-
lative to the channels, the entrapment of fluids within inclusions would have occurred at
a slightly late stage, especially taking into account the array-bound nature of the inclusions.
A variation in the fluid source within this range would result in channels and inclusions
capturing CO2 from different sources, allowing us to predict isotopic zonation of CO2 in
such cordierties (SANTOSH et al., 1991b).
Isotope analyses of channel and inclusion CO2, and associated carbon species like
graphite or carbonates where ever possible (SANTOSH and JACKSON, in prep.) substantiate
the prediction that isotopic zonation could commonly exist in cordierties crystallizing in
deep crustal environments. For example, in one locality (Chittikara), the carbon isotope
analysis of cordierite channel CO2 yielded a value of -15 per mil, while the inclusion
CO2 showed -5 per mil. Such significant difference in stable isotopic composition im-
plies that channels and inclusions captured CO2 from totally different sources. In
the KKB, it is possible to model such a scenario, with initial capture of CO2 from gra-
phite oxidation by cordierite channels (organic carbon as the source), and late CO2 entrap-
ment by inclusions from carbonic fluids which influxecl through shears and faults (sub-
lithospheric source). Clearly, in such cases, there is no correspondence between CO2
trapped within channels and inclusions. Also, the entrapment should have occurred at
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two distinct stages in order to accomplish the switch-over from one fluid source to the
other, although quantification of the actual temperature difference between the caputre
of fluids in channels and inclusion requires further studies. It mus tbe clarified that
such a mechanism does not necessarily mean that all the fluid inclusions in cordierties are
secondary. Cordierite itself is a late crystallizing mineral in these rocks; especially in
charnockites their crystallization is synchronous with that of orthopyroxene, in response
to CO2 influx, and the inclusions have captured this influx. Isotopic results conifirm that
local buffering by sedimentary carbonate and organics is important at amphibolite grade,
but in the KKB, charnockite formation was triggered by an influx of sub-lithospheric CO2
(SANTOSH and JACKSON, in prep.). One of the corollaries to our observation is the pos-
sibility to predict multiple entrapment of CO2 in cordierites, especially those crystalliz-
ing in deep crustal environments (SANTOSH et al., 1991b; SANTOSH and JACKSON, in
prep.). High grade metamorphic rocks in such crustal segments have undergone poly-
phased tectono-metamorphic history, often resulting in the growth of more than one gen-
eration of cordierite, or mantling of earlier generation by later ones. In such cases of
multi-stage cordierite-growth, multiple generations of CO2 (possibly with varied source
characteristics) could be preserved. Our data hence caution any bulk CO2 extraction
technique for the analyses of cordierite fluids as adopted by VRY et at. (1988), because, a
good amount of the total fluids in cordierties come from the contribution of fluid inclu-
SlOns. Hence, bulk fluid extraction would only yield an isotopically "contaminated"
fluid, thereby invalidating any direct inferences drawn from their isotopic composition to
constrain granulite fluids.
P-T path
The mineral assoClatlOns and microstructures described in this paper from both
C-CH and C-GN localities are indicative of equilibration under a decompression-related
tectonic regime. The garnet consuming reaction in the C-CH (reaetion (i)) proceeds by
a drop in pressure. Similarly, reaction (ii) described from C-GN, involving garnet, silli-
manite and quartz to produce cordierite, is pressure-dependant and proceeds in the di-
rection of higher to lower pressures. The possibility that spinel is also a product phase
in these rocks merits consideration because composite grains of magnetite+hercynite some-
times show coarse graphic intergrowth with cordierite. This reaction in the FMAS sys-
tems has a very steep slope in P-T space (as also indicated by our data), implying an un-
usually steep decompression path. Also, in some localities, we have observed orthopy-
roxene-sillimanite assemblage, with cordierite as a reaction product: opx+sillimanite+
quartz=cordierite (SANTOSH, 1987; NANDA-KuMAR and SANTOSH, in prep.). The hy-
persthene-sillimanite association represents a very high pressure assemblage, probably
frozen at higher pressures due to sluggish reaction rates (cf. HARRIS and HOLLAND, 1984).
Considering that incipient charnockite formation in the KKB was essentially linked to a
post-peak metamorphic brittle-dominated regime following the ductile-dominated gneiss-
-forming rheologic conditions (SANTOSI-I et al., 1991a), such steep decompression path
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is not abnormal. We also consider the possibility that the rarely preserved spinel-corun-
dum-orthopyroxene-cordierite assemblage in the C-CH represent inversion from a high
pressure spinel+quartz association to the present low pressure cordierite-bearing one.
HARRIS et al. (1981) reported spinel-bearing metapelites from Kodaikkanal, an area north
of the Achankovil shear zone, where similar mineralogic and textuarl features were observ-
ed. Above all, the remarkable preservation of coronal textures and symplectitic inter-
growths yield compelling evidence for rapid and virtually isothermal uplift history which
prevented the annealing and destruction of the earlier textures.
Although field and microstructural characteristics yield compelling evidence for de-
compression, the change in pressure regime is poorly documented from mineral phas eqeui-
libria. However, such low pressures of the order of 4.3 kbar recorded by the khondali-
tes could possibly mark the lower limit and the upper estimates ranging upto 6.6 kbar in
the charnockites might indicate a drop of more than 2 kbar along the decompression
path, at near-constant temperature (Fig. 7). One of the alternate and more effective
approach to trace the decompression path comes from fluid inclusion density data (NAN-
DA-KUMAR and SANTOSH, 1991). Homogenization temperatures of carbonic inclusions
in garnet, cordierite and quartz were measured and these translate into CO2 densities of
0.78 (cordierite) and 0.90-0.95 gjcm3 (garnet and quartz). Knowledge on the composi-
tion and density of a fluid constrain it to lie along an isochore (isodensity line) in pressure-
temperature space (Fig. 7). The isochore defined by the lower density fluids in cordierite
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Fig. 7 P-T diagram showing isochores of CO2-rich fluids trapped within quartz
(Q), garnet (G) and cordierite (C). The numerical values against each iso-
chore represent the fluid density in gmfcm3 , estimated from homogenization
temperature measurements. The curved line with arrow mark shows the
probable metamorphic uplift path. See text for discussion.
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is distinctly separated from the higher density isochores for garnet and quartz. Textural
characters and mineral equilibria considerations have indicated that cordierite developed
as a porduct of reaction between and granet and quartz in a decompressional environment.
As the early mineral to get resorbed along the margins, garnet entraps remnants of the
earliest influxing fluids. On the other hand, cordierite, as a product phase, crystallizing
late in the metamorphic history has entrapped fluids which have evolved along the de-
compression path. Reversely, the decompression path can be traced from the fluid
evolution (Fig. 7) from combined solid and fluid equlibria. The crossing of higher to
lower density isochores while passing from the reactant to produce phase (or early to late
crystallized minerals) suggests that the metamorphic P-T path was temperature-convex
and that the reactions proceeded from higher to lower pressures. This indicates that
the cordierite-bearing rocks in KKB developed during a virtually isothermal uplift history,
in an extensional tectonic setting, following the peak P-T conditions of regional meta-
morphism.
Tectonic implications
Granulite formation is traditionally linked to zones of continent-continent collision
although recent attributes invoke both zones of continental extension and continental arcs.
Pressure-temperature-time paths as preserved by mineral microstructures are sometimes
useful in providing evidence for granulite formation in a variety of tectonic settings (HAR-
LEY, 1989). T-convex uplift paths, correlated to the piezothermic array (HARRIS, 1982),
are taken to indicate high surface heat flow as might be expected of Precambrian metamor-
phic episodes. Transient geotherms can result by high convective heat transfer related
to the volatile activity or the adiabatic rise of a granite magma through the crust. How-
ever the KKB shows no evidence for intrusion of large granitic batholiths, also the isother-
mal uplift path is in clear contrast to the characteristic isobaric cooling path resulting from
heat input from intrusives. In the present case, the rapid uplift implied by the cordierite-
hypersthene microstructures points to extremely high geothermal gradients, in excess of
any steady-state geotherm and a reflection of decompression without loss of temperature
(HARRIS and HOLLAND, 1984). Rapid crustal thinning attending distensional tectonics
is envisaged as the plasuible mechanism to generate such decompressional granulites.
This would allow regions of the lower crust to rise rapidly without perciptible cooling. In
this regard, the proximity of cordierite granulites in KKB to the Achankovil shear zone,
a major late-Proterozoic fault zone in South India, is of particular relevance. A dunite
body, a number of mafic dyke swarms and other minor alkaline plutons are known to
occur along this fault zone. This would indicate mantle-derived magmatism during a
phase of extensional tectonics. This extensional regime could have provided the me-
chanism for the elevated geotherms and the rapid decompression to generate the cordierite-
bearing granulites in the deeper levels of the crust. Cordierite growth and granuliet
formation in the KKB appear to have been triggered by influx of deep-seated CO2 , per-
haps transported by basic magmas and channeled along the Achankovil shear zone during
subsolidus exsolution.
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